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Abstract 
When a fire occurs in a tunnel, smoke control is very important for people’s safety. Extraction systems were designed in order to extract 
smoke in tunnel. In this study, Fire Dynamics Simulator (FDS) was used to research the plug-holing on tunnel fire for it will significantly 
reduce the efficiency when it occurs. A series of mechanical exhaust velocity with different heat release rate were simulated, the plug-
holing issue on a heat release rate was determined by N-percentage rule. N = 20 in our study is based on previous studies and our 
experimental research. We analysis the critical exhaust rate determined by N-percentage rule on different heat release rate, and find that 
the critical Froude number 1.5 used to determine the onset of plug-holing in enclosed buildings can’t be used in tunnel fire. However, a 
critical Froude number 2.1 could be used in determining the onset of plug-holing in tunnel fire. 
© 2013 Published by Elsevier Ltd. Selection and/or peer-review under responsibility of the Asia-Oceania Association for Fire Science 
and Technology. 
Keywords: Tunnel fire; Mechanical smoke exhaust; Plug-holing  
Nomenclature 
A area of the mechanical smoke vent (m2) 
d thickness of smoke layer (m) 
F Froude number 
g the gravity acceleration (m/s2) 
To air temperature (K) 
T average temperature rise of the smoke layer (K) 
u exhaust velocity (m/s) 
Tint  temperature at the interface (K) 
Tamb temperature of environment (K) 
Tmax maximum temperature of smoke layer (K) 
Tcri temperature rise beneath the vent on the critical exhaust rate determined by critical Froude number of 1.5 (K) 
Tmax maximum temperature rise beneath the vent without exhausting (K) 
1. Introduction 
Fire is one of the most serious safety threats which may occur in tunnels, in recent years, tunnel fires have brought some 
disasters. For example, tunnel fires in Baku in October 1995 killing 289 people and the Alpine train fire in Kaprun Austria 
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in November 2001, killing 155 people [1], the arson fire in a long tunnel in Daegu Korea in February, 2003, killing 198 
people [2]. Statistics showed that smoke was the most fatal factor in fires, most victims were killed by the smoke and toxic 
gases, such as carbon monoxide [3-5]. Therefore, smoke control is very important for saving lives in case of tunnel fires.  
In mechanical smoke exhaust, plug-holing (i.e. the fresh air is drawn directly into the smoke exhaust system from the 
lower layer) phenomenon should be avoided, for it will severely reduce the efficiency of mechanical smoke exhaust [6-8]. 
Recently, several former studies had been carried out to investigate the plug-holing. A lot of other experiments were 
conducted by Lougheed et al. [9, 10] used full-scale physical model studies combined with CFD modeling to investigate the 
effectiveness of mechanical smoke exhaust systems used for atrium smoke management. Lougheed also claimed that the 
Froude number proposed by Hinkley for “plug-holing” (i.e. the fresh air is drawn directly into the smoke exhaust system 
from the lower layer) in natural smoke venting can be applied in mechanical smoke exhaust [10]. Vauquelin [11] noticed the 
plug-holing in some of the transverse smoke exhaust experiments in a small-scale tunnel with small smoke layer depth. He 
claimed that in cases of plug-holing, the smoke exhaust efficiency had obviously strongly decreased. However, how to 
predict plug-holing phenomenon in tunnel fire mechanical smoke exhaust has been rarely studied, which may benefit the 
current design of smoke management system and complement the current codes, and if Froude number can be used for 
“plug-holing” in tunnel fire mechanical smoke exhaust is not clear. In this paper, the “plug-holing” phenomenon caused by 
mechanical smoke exhaust in tunnel fire is studied, and a new critical value of Froude number is proposed. 
2. Fire dynamics simulator and fire scenario analysis 
Fire Dynamics Simulator (FDS) has been subjected to numerous validations, calibrations and studies on fire scenario 
[12-15]. Hence, this paper presents a simulated investigation on the phenomenon of plug-holing under mechanical smoke 
exhaust in tunnel fire by using FDS. FDS solves numerically a form of the Navier-Stokes equations for thermally-driven 
flow. A description of the model, many validation examples, and a bibliography of related papers and reports may be found 
on http://fire.nist.gov/fds/. It includes both DNS (direct numerical simulation) model and LES (large eddy simulation) 
model. The LES model, which is widely used in study of fire-induced smoke flow behavior, is selected in this study. In LES 
calculation, the convective heat flux to the surface is obtained from a combination of natural and forced convection. The 
governing equations are [16]: 
0
t
u                                                                                      (1) 
for the mass conservation while the conservation of momentum is: 
( ) ijpt
u uu g f                                                                (2) 
and the conservation of energy is:   
( ) Dph h q
t Dt
u q                                                                  (3) 
The Sub-Grid-Model (SGM) commonly used in LES is developed originally by Smagorinsky [17]. The eddy viscosity is 
obtained by assuming that the small scales are in equilibrium, by balancing the energy production and dissipation. The 
turbulent viscosity defined in FDS is [16]: 
1
2 2 21 2( ) [ ( )( ) ( ) ]
2 3
T T
LES sC u u u u u                                               (4) 
where  is 1/3( )x y z  and sC is an empirical Smagorinsky constant. The Smagorinsky constant sC  in LES simulation is 
flow dependent and has been optimized over a range from 0.1 to 0.25 for various flow fields. FDS has been subjected to 
many verification works and improved since its first release in 2000. According to these validation works, the constants, sC , 
Pr and Sc, are set as default values in FDS for current paper as 0.2, 0.2 and 0.5, respectively. It was reported [18] that for 
simulating buoyancy-drive flow, the predicted values from the filtered dynamics SGM by FDS agreed better with the 
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measured value than those from the original Smagorinsky model and RANS. 
The Courant–Friedrichs–Lewy (CFL) criterion is used in FDS for justifying numerical convergence. The estimated 
velocities are tested at each time step to ensure that the CFL condition is satisfied [16]:                        
max( , , ) 1ijk ijk ijk
u v w
t
x y z
                                                                        (5) 
The initial time step is computed automatically in FDS by the size of a grid cell divided by the characteristic velocity of 
the flow. During the calculation, the time step is varying and constrained by the convective and diffusive transport speeds to 
ensure that the CFL condition is satisfied in each time step [16]. 
In FDS simulations, the grid size is a key parameter to be considered. A *D x  criterion has been widely used for 
assessing the grid resolution [16], where x is the grid size and the characteristic length of *D  is calculated by: 
2
5
* QD
c T gp
                                                                                 (6) 
It was recommended by McGrattan et al. [16] that the value of *D x  should be in the range of 4 to 16. Therefore the grid 
size of the finest mesh for a 4 MW (heat release rate for a car) fire was calculated to be between 0.1 m and 0.4 m. Hence, a 
multi-mesh system with the grid size of 0.125 m could be regarded as a reasonable solution. Meanwhile, reasonable 
extension of the computational domain has been proved to be necessary to acquire accurate results. Therefore, the additional 
computational regions are added near the tunnel outlets. The Ambient temperature is 20 °C in the simulations. 
By taking the aspect ratio of actual tunnels into account, the model tunnel in current research was specified as 50 m long, 
12 m wide and 5.5 m high. The schematic diagram of the physical model is shown in Fig. 1. The ceiling is flat and the fire is 
10 m away from the left end of the tunnel, the mechanical exhaust vent is 40 m away from the left end of the tunnel. The 
heat release rates (HRR) of several typical vehicles are listed in Table 1 [19]. The heat release rates chosen in this paper is 
shown in Table 2. Under certain heat release rate, the exhaust rates with wide range were adopted to cover the critical 
exhaust rate for the occurrence of plug-holing.  A thermocouple tree was positioned under the vent with 0.2 m spacing to 
estimate the condition of smoke exhaust process.  
 
Fig. 1. Model configuration of the tunnel. 
Table 1. Heat release rate for different types of vehicles [14] 
The types of vehicles Cars  Truck  Truck or bus Tank car  Large petrol tankers 
HRR (MW) 3~5 10 20 50 100 
 
For each fire source, we set the exhaust rate from 1 m3/s, the interval for the next simulation case is 1 m3/s, and the 
exhaust rate range for a fire power is in Table 2. 
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Table 2. The fire power and exhaust rate in simulations 
HRR (MW) 4 10 20 30 50 100 
The range of 
exhaust rate (m3/s)  1-10 1-16 1-25 1-32 1-33 1-34 
3. Results and discussion 
3.1. The critical criterion for plug-holing 
The smoke exhaust process with a smoke layer below the exhaust vent is shown in Fig. 2, the phenomenon of plug-
holing occurs when the mechanical exhaust rate is larger than a critical rate. Hinkley has proposed a modified Froude 
number to determine the occurrence of plug-holing in natural venting systems [20], which is 
51
22
0
u AF
g T T d
                                                                           (7) 
where, u is the flow velocity at the smoke vent (m/s), A is the area of the smoke vent (m2), d is the thickness of smoke layer 
(m), T is the average temperature rise of the smoke layer (K), T0 is the ambient temperature (K), and g is the gravity 
acceleration (m/s2).  
For the occurrence of the plug-holing, there is a critical Froude number named as Fcritical. It can be inferred that when the 
Froude number under certain condition is greater than Fcritical, fresh air in the lower layer is drawn directly into the 
mechanical vent. Former studies have shown that Fcritical of 1.5 is applicable for vents closed to the centre of the smoke 
reservoir and 1.1 is suitable to the vents near the reservoir sides in Enclosed Shopping Centers [21]. Lougheed concluded 
that the Froude number can be used to determine the plug-holing in mechanical smoke exhaust in atria [9]. The physical 
meaning of F in Eq. (7) is the ratio of the inertia force to the gravity force which is relevant to the buoyant flows associated 
with fires. However, in tunnel fire, there isn’t stable smoke storage space and smoke will flow along tunnel, so the smoke 
has a strong horizontal inertia force. This is different from the smoke exhaust process in enclosed buildings such as atria or 
Enclosed Shopping Centers. Whether this critical Froude number can be used in tunnel fire is unknown. 
In order to calculate the Froude number, we simulate the tunnel fire without exhausting smoke, get the values of smoke 
layer thickness, average temperature and maximum temperature under the exhaust vent on different heat release rates. These 
values are listed in Table 3. 
 
(a) No plug-holing                                                                                               (b) Plug-holing 
Fig. 2. The sketch of smoke exhaust process.  
Based on these values of temperature and thickness, we estimate whether the critical Froude number of 1.5 is applicable 
for plug-holing in tunnel fire by Eq. (7), if the Fcritical of 1.5 can be used in tunnel fire, the critical exhaust rate in tunnel fire 
can be calculated by 
1
2
5
2
01.5criticalV g T T d                                                                     (8) 
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According to the data measured in Table 3, the critical exhaust rate under different heat release rates can be calculated. 
Table 3. The parameters without exhausting 
HRR 4 MW 10 MW 20 MW 30 MW 50 MW 100 MW 
Average temperature in smoke (°C) 57.3 76.9 117.7 156.1 201.4 289.5 
Maximum temperature in smoke (°C) 65.3 92.2 141.2 182.7 249.7 369. 6 
Thickness of smoke layer (m) 1.47 1.84 1.93 1.91 1.88 1.82 
3.2. The N-percentage method 
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Fig. 3. Smoke layer thickness (video processing).                                                               Fig. 4. Smoke layer thickness measured by different methods. 
N-percentage rule is one of the most widely used methods to determine the smoke layer interface [22, 23]. Based on the 
temperature difference between the upper hot gas and the lower cold air in the vertical direction, Cooper [23] proposed the 
N-percentage rule by which the interface of smoke layer can be determined as: 
int max( ) /100amb ambT T T T N                                                           (9) 
where, Tint is the temperature at the interface, Tamb is the temperature of environment, Tmax is the maximum temperature of 
smoke layer. N-percentage rule is simple to use and have a good agreement with the experimental results, so it is used in 
many experiments, but the value of N is chosen differently in different experimental conditions. In our former study, we 
have researched the optimum value of N in tunnel fire by a 1/6th reduced scale tunnel. 
As shown in Fig. 3, the smoke layer thickness is measured with a scale, and the visual value is set as the benchmark 
comparing with the results obtain by N-percentage rule with different value of N. Based on temperature distribution 
measured by the thermocouple tree near the scale, values of N are taken to be 10, 20 and 30 in this study.  
By comparing the smoke layer thicknesses determined by different values of N and the visual value in Fig. 4, we can 
conclude that the curve of N = 20 has the best agreement with visual value at the relatively stable stage between 140 s and 
170 s, at that moment, the fuel burns acutely and steadily and the smoke layer forms relatively stable stratification structure 
[24].  
3.3. Determine the critical exhaust rate by N-percentage rule 
In this paper, according to our previous study, we use the N-percent rule with N = 20 to determine the smoke layer 
thickness beneath vent, the temperature at the smoke-air interface is calculated by. 
int max( ) 20 /100amb ambT T T T                                                            (10) 
where, intT  is the temperature at the interface, ambT  is the temperature of environment, maxT is the maximum temperature 
under the vent without exhausting. Under a certain HRR, with the increasing of exhaust rate, the thickness of smoke layer 
under the vent becomes thinner. When the smoke layer thickness decreases to zero, then the phenomenon of plug-holing 
occurs.  
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(d) Heat release rate: 30 MW                          (e) Heat release rate: 50 MW                           (f) Heat release rate: 100 MW 
Fig. 5. Temperature profiles measured under the vent. 
Figure 5 presents the temperature profiles measured by the thermocouple tree under the mechanical vent. As shown in Fig. 
5, under a certain heat release rate and exhaust rate, the temperature increases with the height of thermocouple, And under a 
certain heat release rate and a certain height, the temperature decreases with the increasing exhaust rate. As the exhaust rate 
increasing, the thickness of the smoke layer below the smoke vent becomes thinner. When the exhaust rate increases to a 
certain value, the thickness of the smoke layer below the exhaust vent decreases to 0, and the plug-holing phenomenon 
occurs. So we determine the critical exhaust rate by the onset of the smoke layer under the vent decreases to 0. But due to 
the severe disturbance of the mechanical exhaust, smoke and air mixing at the interface and the thermal radiation of the fire 
source also heats the air, when plug-holing occurs, the smoke temperature beneath the mechanical vent is still higher than 
the ambient temperature.  
Table 4. The critical exhaust rate and the smoke temperature  
HRR 4 MW 10 MW 20 MW 30 MW 50 MW 100 MW  
Critical exhaust Rate (m3/s) 4.5 9.8 14.5 16.7 18.5 20.9 
Temperature at the center of the vent on critical rate (°C) 36 53 71 85 110 176 
Table 5. The interface temperature calculated by N-percentage rule and the corresponding critical exhaust rate 
HRR 4 MW 10 MW 20 MW 30 MW 50 MW 100 MW 
The temperature of interface (°C) 29.0 34.4 44.2 52.5 66 90 
Critical exhaust rate (m3/s) 6 14.5 19 23.5 27 29 
 
Table 4 presents the critical exhaust rate calculated by Eq. (8) on different heat release rate, and the corresponding smoke 
temperature beneath the vent determined by Fig. 5. Table 5 presents the temperature at the interface of smoke and air 
determined by N-percentage rule on different heat release rate without exhausting, and the critical exhaust rate determined 
from Fig. 5 on which the thickness of smoke beneath the vent is 0. 
Comparing the critical exhaust rate of plug-holing determined by 2 methods, the first method is by the critical Froude 
number of 1.5, as shown in Table 4. The other method is the determination of the critical exhaust rate by N-percentage rule, 
as shown in Table 5. The results of the two methods are presented in Fig. 5. The red line is the critical exhaust rate 
1118   Linjie Li et al. /  Procedia Engineering  62 ( 2013 )  1112 – 1120 
determined by Eq.  (8), and the black line is the critical exhaust rate determined by N-percentage rule. As shown in Fig. 5, it 
can be seen that the smoke temperature beneath vent of the critical exhaust rate determined by Eq.  (8) is higher than the 
temperature determined by N-percentage rule. 
We calculate the ratio of the temperature rise beneath the vent on critical exhaust rate determined by Eq. (8) and the 
maximum temperature rise beneath the vent without exhausting. 
max
100cri
T
M
T                                                                             (11) 
where, criT is the temperature rise beneath the vent on the critical exhaust rate determined by Eq. (8) maxT  is the 
maximum temperature rise beneath the vent without exhausting. The value of M on different fire powers are listed in Table 
6. Table 6 shows the average value of the ratio is about 40, which is higher than the N value of 20 we determined before. 
According to the N-percentage rule [17], these results of Table 6 indicates that the temperature at the centre of vent on 
critical exhaust rate determined by Eq. (8) is higher than the temperature determined by N-percentage rule with the value of 
20, and the smoke layer thickness under the centre vent could not be 0 on this exhaust rate. 
Table 6. Ratio of temperature rise 
HRR 4 MW 10 MW 20 MW 30 MW 50 MW 100 MW 
M 35 45 42 40 39 45 
 
In order to visually compare the critical exhaust rate for plug-holing determined by the two methods, we plot the 
temperature distribution at different exhaust rate. 
 
(a) Exhaust rate: 10 m3/s     (b) Exhaust rate: 11 m3/s                                              (c) Exhaust rate: 12 m3/s  
      
(d) Exhaust rate: 13 m3/s                                          (e) Exhaust rate: 14 m3/s                                            (f) Exhaust rate: 15 m3/s                           
Fig. 6. The temperature field of HRR 10 MW. 
Figure 6 presents the temperature fields with exhaust rate from 10 m3/s to 15 m3/s on heat release rate 10 MW. Fig. 6(a) 
is the temperature field with exhaust rate 10 m3/s, a little larger than 9.8 m3/s which is the critical exhaust rate determined by 
Fcritical number of 1.5.  Fig. 6(f) is the temperature field with exhaust rate 15 m3/s, a little larger than 14.5 m3/s which is the 
critical exhaust rate determined by N-percentage rule. From Fig. 6(a) to Fig. 6(e) we can find that the plug-holing have not 
occurred when the exhaust rate is larger than the critical exhaust rate determined by Fcritical number of 1.5, because on these 
1119 Linjie Li et al. /  Procedia Engineering  62 ( 2013 )  1112 – 1120 
exhaust rate there are some smoke layer beneath the vent. From Fig. 6(f), we can find that the plug-holing occurred until the 
exhaust rate is larger than the critical exhaust rate determined by N-percentage rule. So in can be concluded that the critical 
Froude number of 1.5 used in enclosed buildings can’t be used in tunnel fire. 
According to the critical exhaust rate determined by N-percentage rule, we calculate the critical Froude number on each 
heat release rate by Eq. 12. As shown in Table 7, the critical Froude numbers on different fire power determined by N-
percentage rule is about 2.1. 
51
22
0
u AF
g T T d
                                                                           (12)  
Table 7. The critical Froude number determined by N-percentage rule 
HRR 4 MW 10 MW 20 MW 30 MW 50 MW 100 MW 
Critical Froude number 1.98 2.21 1.96 2.11 2.18 2.09 
 
Figure 7 presents the Froude number on different fire power with different exhaust rate. According to our research, in 
tunnel fire, there is a critical Froude number about 2.1, if the Froude number calculated by Eq. (12) under certain condition 
is greater than the Fcritical of 2.1, the plug-holing will occur. 
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Fig. 7. Critical Froude number.                                                                                     Fig. 8. Volume flow rate in 4 directions to the vent.    
3.4. Volume flow rate in 4 directions to the vent 
The volume flow rates to the vent from 4 directions at critical exhaust rate which is determined with N-percentage rule 
are calculated using the velocity fields in our simulations. Direction 1 is the upstream, direction 2 is the downstream, 
direction 3 is the right side, and direction 4 is the left side. Vcritical is calculated by Eq.  (8), which is the critical exhaust rate 
determined with Froude number 1.5. Fig. 8 presents that there is little difference of volume flow rate to the vent from 
downstream, left and right side, and their values are close to (1/4)Vcritical, while, the volume flow rate from upstream is 
apparently larger than the volume flow rate from the other 3 directions. 
In tunnel fire mechanical smoke exhaust, there isn’t stable smoke storage space, so smoke will flow along the tunnel. 
From Fig. 8, This flow makes the flow rates to the vent at critical exhaust rate are not symmetric, the volume flow rate from 
upstream is apparently larger than the volume flow rate from the other 3 directions. This is different from mechanical 
exhaust in enclosed buildings. The critical Froude number in tunnel fire could be different from the critical Froude number 
in enclosed buildings for the different flow fields beneath the vent. However, the dynamic mechanism affecting plug-holing 
phenomenon in tunnel fire needs further analysis. 
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4. Conclusions 
In this study, a set of three-dimensional numerical analysis were conducted to investigate the “plug-holing” on 
mechanical ventilation in tunnel fire. The major conclusions are summarized as below: 
The critical Froude number of 1.5 used in enclosed buildings to determine the plug-holing can’t be used to determine 
plug-holing in tunnel fire. We use the N-percentage rule to determine the critical exhaust rate on different fire power, and 
find that in tunnel fire, the critical Froude number to determine plug-holing changed to about 2.1.  
Future work will focus on the mechanism of the plug-holing in tunnel fire. More simulations and experiments will be 
conducted to investigate the mechanism of the smoke velocity fields and the air entrainment process. 
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